Haemophilus influenzae type b (Hib) strains N0100 and COL10 were found to produce bacteremia in infant rats at a much lower frequency than other Hib strains previously tested. These relatively avirulent strains were the only Hib strains among 200 clinical isolates examined to date which failed to react with two Hib lipopolysaccharide (LPS)-specific monoclonal antibodies (MAbs). LPS analysis by sodium dodecyl sulfatepolyacrylamide gel electrophoresis showed that strains NOIOO and COL10 possessed LPS which migrated faster than the LPS of Hib strains that reacted with one of the two or with both of these MAbs. These observations suggested that the relative lack of virulence of strains NO100 and COL10 might be related to their unusual LPS phenotype. To determine whether alteration of LPS structure would affect the virulence of these strains, we identified and isolated isogenic LPS antigenic variants of strains NO100 and COL10 using the LPS-specific MAbs 4C4 and 5G8 in a colony blot radioimmunoassay. Antigenic variation of LPS was found to occur spontaneously in these two strains at a relatively high frequency in terms of both acquisition and loss of MAb reactivity (ca. 0.2 to 16.7%). LPS antigenic variants of strains N0100 and COL10 reactive with both MAbs 4C4 and 5G8 (4C4+ 5G8+) were more virulent in the infant rat model than their respective 4C4-5G8-parental strains (P < 0.01). An antigenic variant of COL10 reactive with only MAb 4C4 (4C4+ 5G8-) was also significantly more virulent than its 4C4-5G8-parent. These LPS antigenic variants with increased virulence synthesized altered LPS molecules which possessed apparent molecular weights higher than those of the LPS of the parental strains. Increased resistance of strain N0100 to the bactericidal activity of normal infant rat serum was associated with changes in LPS structure, while strain COL10 and its LPS variants were all uniformly resistant to serum bactericidal activity. Our results demonstrate that (i) spontaneous antigenic and phenotypic variation of LPS occurs at a relatively high frequency in some strains of Hib; (ii) the highermolecular-weight type of LPS is associated with the full expression of Hib virulence; (iii) LPS phenotype may not correlate with Hib serum resistance; and (iv) serum resistance of Hib is not an accurate indicator of virulence.
Haemophilus influenzae type b (Hib) remains the leading cause of bacterial meningitis in infants and young children in the United States (3) . The essential role of the type b capsule in the virulence of Hib has been well established (27, 32, 41) . Much less attention, however, has been given to the possible involvement of noncapsular cell surface components in the virulence of this organism.
Numerous studies have shown that lipopolysaccharide (LPS) is an important factor in the expression of virulence by other gram-negative bacteria (5, 20, 22, 29) . Hib LPS is known to elicit many of the biological effects of endotoxin, and it has been suggested that alterations in Hib LPS may reduce the virulence of this organism (43) . The first biochemical characterization of Hib LPS suggested that, like meningococcal and gonococcal LPS molecules (34) , Hib LPS lacks an 0-antigen-like repeat unit and consists of lipid A and a structure analogous to the core oligosaccharide of enteric LPS molecules (6) . This early work was recently confirmed and expanded by Inzana et al. (17) , who performed detailed chemical and antigenic analyses of the Hib core oligosaccharide. Characterization of Hib LPS by sodium dodecyl sulfate (SDS)-polyacrylamide gel electropho-resis (PAGE) revealed microheterogeneity among the LPS molecules of different Hib strains, which permitted the development of a system for subtyping Hib strains based on their LPS profile (14) . This classification system has proven useful in epidemiologic studies of Hib disease (16) .
Antigenic analysis has revealed a remarkable lack of heterogeneity among the cell surface-exposed antigenic determinants of Hib LPS. Flesher and Insel (6) and Anderson et al. (2) have independently identified several different Hib LPS antigenic determinants using polyclonal antiserum reactive with Hib LPS, while van Alphen et al. (40) have found four different LPS serotypes among 80 strains of Hib isolated in The Netherlands.
In our laboratory, characterization of the LPS of 126 Hib strains using monoclonal antibodies (MAbs) directed against cell surface-exposed antigenic determinants of Hib LPS confirmed that limited antigenic heterogeneity exists among the LPS determinants exposed on the cell surface (8, 9) . These Hib strains were divided into four different antigenic groups based on their reactivities with two MAbs (Table 1) . The availability of these MAbs specific for Hib LPS allowed us to identify spontaneously arising and isogenic LPS phenotypic variants of Hib which were used to evaluate the role of Hib LPS in the virulence of this organism. The (8) . Bacterial culture media and growth conditions have been described previously (12) .
Whole cell lysates for LPS analysis. Proteinase K-digested whole cell lysates of Hib were used as the source of LPS for analysis by SDS-PAGE. These lysates were prepared by a modification of the method described by Hitchcock and Brown (13) . Bacteria were grown in broth culture to a density of 109 CFU/ml. A 10-ml quantity of this exponentialphase culture was centrifuged at 7,000 x g for 20 min, washed once with cold phosphate-buffered saline (PBS; pH 7.2), and then suspended in 1 ml of PBS. The bacteria were solubilized by adding 0.5 ml of concentrated digestion buffer composed of 0.1875 M Tris hydrochloride (pH 6.8), 6% (wt/vol) SDS, 30% (vol/vol) glycerol, and 0.015% (wt/vol) pyronin Y tracking dye, followed by heating at 100°C for complished by a modification of a procedure described previously (18) . Briefly, proteinase K-digested whole cell lysates of Hib (10 ,ul (18) . Organisms grown overnight on solid media were suspended in cold PBS to a concentration of 108 CFU/ml. A 100-,u volume of this suspension was reacted with 500 pul of either MAb 4C4 or MAb 5G8 hybridoma culture supernatant fluid for 2 h at 4°C with gentle rocking. After centrifugation at 12,000 x g for 5 min, the pellet was washed once with PBS containing 10% (vol/vol) heat-inactivated fetal calf serum and then suspended in 1 ml of this same buffer. To detect MAbs specifically bound to the cell surface, the bacterial suspension was incubated with 106 cpm of affinity-purified and radioiodinated goat anti-mouse immunoglobulin (specific activity, 108 cpm per pug of protein) for 1 h at 4°C. A carrier organism (ca. 108 cells of Hib strain N0100 lacking the determinants recognized by MAbs 4C4 and 5G8) was added to the suspension which was then washed three times with 1-ml quantities of PBS containing 10% (vol/vol) fetal calf serum. The final pellet was suspended in 500 pul of solubilization buffer (12) , and the amount of radioactivity (counts per minute) bound to the cells was determined.
Animal model. The relative virulence of Hib strains was determined with an infant rat model (25) . Infant rats, 5 to 6 days of age, were challenged either by the intraperitoneal route with ca. 102 CFU (35) or by the intranasal route with ca. 2 x 108 to 3 x 108 CFU (26) . The intranasal challenge was accomplished by carefully dropping the 10-pI inoculum onto the rat nares, as described by Moxon and Vaughn (27) . Bacteremia was quantitated 24 h after challenge by culturing a 10-plA sample of tail vein blood on solid media. Results were analyzed for statistical significance by chi-square analysis.
Capsular polysaccharide quantitation. Cell-associated capsular polysaccharide was quantitated by rocket immunoelectrophoresis as described by Sutton et al. (36) Outer membrane protein preparations. Outer membrane vesicles were prepared by a modification (10) of the LiClbased extraction procedure of McDade and Johnston (21) . The proteins in the vesicles were resolved by SDS-PAGE and visualized by staining with Coomassie blue (12) .
Serum bactericidal assay. Exponential-phase broth cultures of Hib were centrifuged at 7,000 x g for 10 min and then suspended and diluted to a concentration of 105 CFU/ml in cold Veronal-buffered saline (pH 7.4) containing 0.1% gelatin. Each assay mixture contained 10 ,ul of the bacterial suspension (ca. 1,000 organisms), 10 ,ul of Veronal-buffered saline containing 5 mM MgCl2 and 1.5 mM CaCl2, and 20 to 80 ,ul of infant rat serum. Veronal-buffered saline was added to make a total volume of 100 ,ul. All of these components were kept in crushed ice until they were mixed in a 0.5-ml microcentrifuge tube which was then incubated at 37°C in a stationary water bath. At time zero and at various intervals thereafter, 10-,ul samples were removed and plated in duplicate on solid media. Hib strains were always tested in duplicate.
Infant rat serum was prepared from the blood of 40 normal 8-day-old Sprague-Dawley rats. Blood was obtained by cardiac puncture and was allowed to clot for 1 h at room temperature. The blood was then placed in ice for 1 to 2 h and centrifuged, and the serum was harvested and pooled. The serum was frozen in an ethanol-dry ice bath and stored at -70°C. When necessary, complement activity in this serum was destroyed by heating at 56°C for 30 min. the LPS synthesized by a large number of representative strains of Hib LPS antigenic groups 1 through 3 (Table 1) revealed the microheterogeneity pattern in LPS profiles first reported by Inzana (14) . LPS from these clinical isolates was found to migrate in these gels to approximately the same position as did LPS from a Ra mutant of Salmonella typhimurium (9) . The only consistent difference between the LPS profiles of the Hib strains from antigenic groups 1, 2, and 3 and those of the two group 4 strains was that the group 4 LPS molecules ( Fig. 1 , lanes 4 and 8) migrated in a single band and faster in the gel than the other LPS molecules (Fig.  1 ). The only exception was the group 2 Hib strain SL103 (Fig. 1 , lane 6) which possessed multiple LPS bands which migrated at various rates. Thus, the lack of reactivity of group 4 Hib LPS with MAbs 12D9 and 4C4 was correlated with increased electrophoretic mobility of this LPS in SDS-PAGE. This result suggests that the lack of reactivity of the group 4 LPS with these MAbs may be due to the physical absence of antigenic determinants reactive with MAbs 4C4 and 12D9, which in turn results in a smaller LPS molecule with greater electrophoretic mobility.
RESULTS

Relative
The preceding observations raised the possibility that the relative lack of virulence of the group 4 strain N0100 might be related to its unusual LPS phenotype. To determine whether alteration of the LPS of group 4 Hib would affect the virulence of this strain, strain N0100 was transformed with DNA from a group 2 Hib strain (4C4+), and the resultant transformants were screened with MAb 4C4 (A. Kimura et al., Abstr. Annu. Meet. Am. Soc. Microbiol. 1985, B21, p. 21). MAb 4C4-reactive colonies obtained from these transformation experiments were markedly more virulent than the original N0100 strain in an infant rat model and synthesized an altered LPS molecule which migrated similarly to group 2 Hib LPS in SDS-PAGE. However, it was also subsequently found that N0100 cells which had not been incubated with the group 2 Hib DNA spontaneously gave rise to colonies which bound MAb 4C4.
Spontaneous antigenic variation of group 4 Hib LPS. To characterize further this apparent spontaneous variation in the antigenic characteristics of group 4 strains, and it recognizes a different LPS antigenic determinant in the core oligosaccharide from that which binds MAb 4C4 (8, 9) . Screening of individual colonies of strains NO100 and COL10 by colony blot RIA revealed that both group 4 strains were capable of giving rise to colonies expressing antigenic determinants reactive with MAb 4C4. These primary antigenic variants (4C4+ 5G8-) were isolated and then grown in broth, plated on solid media, and screened for reactivity with MAb 5G8. Secondary variants (4C4+ 5G8+) of these primary variants (4C4+ 5G8-) that were recognized by both MAbs were identified in this manner. The results of these experiments are summarized in Table 2 . The original group 4 strain N0100 and its primary (4C4 5G8-) and secondary (4C4+ 5G8+) variants each yielded populations which were relatively homogenous in that greater than 99% of the colonies of each strain retained their respective antigenic characteristics. However, 0.2% of the N0100 colonies were reactive with MAb 4C4, while no MAb 5G8-reactive colonies were detected. Similarly, 0.5% of the colonies derived from the primary variant (4C4+ 5G8-) of N0100 lost reactivity with MAb 4C4, while 0.4% of the total number of colonies exhibited reactivity with both MAb 4C4 and MAb 5G8. When colonies of the secondary variant (4C4+ 5G8+) were screened with these MAbs, 0.3% of the colonies reacted with neither MAb. Colonies expressing a 4C4-5G8+ phenotype were never detected in these experiments.
Similar results were obtained with the other group 4 Hib strain COL10 (Table 2) . Antigenic variation among the LPS phenotypes occurred, however, at somewhat higher frequencies than those observed with strain NO100. It exhibited three LPS bands, all of which migrated much more slowly through the gel than the LPS bands of both the primary variant (4C4+ 5G8-) (Fig. 2A, lane 2) and the original 4C4-5G8-N0100 strain (Fig. 2A, lane 1) . Similarly, the LPS of the secondary variant (4C4+ 5G8+) of COL10 exhibited two major LPS bands (Fig. 2A, lane 6) which migrated considerably more slowly than the LPS bands of the other COL10 phenotypes (Fig. 2A, lanes 4 and  5) . These differences in the mobility of the LPS molecules of the different variants in SDS-PAGE probably reflected differences in the apparent molecular weight and chemical composition of the LPS (13, 28, 30, 34, 38 ). Because our MAbs recognized antigenic determinants in the Hib core oligosaccharide, the differences between the LPS of the phenotypic variants were most likely due to alterations in this region of the LPS molecule. These alterations also probably involved the addition of new core oligosaccharide components, as indicated by the slower electrophoretic migration rates of the LPS molecules of the variants. These differences in electrophoretic migration rates, however, reflect only relatively minor changes in the apparent molecular weights of these LPS molecules.
The LPS molecules synthesized by these strains were also extracted from whole Hib cells by using the phenol extraction method described by Inzana (14) to eliminate the possibility that other macromolecules present in the proteinase K-treated samples might have affected the electrophoretic mobility of the LPS molecules or might have been stained with the silver stain. SDS-PAGE analysis of these phenol-extracted LPS molecules yielded profiles (Fig. 3) identical to those obtained with the proteinase K-treated samples ( Fig. 2A) .
Western blot analysis demonstrated that the LPS molecules of the secondary variants (4C4+ 5G8+) of N0100 and COL10 were reactive with MAbs 4C4 and 5G8 (Fig. 2B and  C, lanes 3 and 6) . The original parental strains (4C4-5G8-) did not react with either MAb (Fig. 2B and C, lanes 1 and 4) . As expected, the LPS of the primary variants (4C4+ 5G8-) did not react with MAb 5G8 (Fig. 2C, lanes 2 and 5) . Surprisingly, however, the LPS of the primary variants (4C4+ 5G8-) did not react with MAb 4C4 either (Fig. 2B,  lanes 2 and 5) (Fig. 2B, lanes 3 and 6) .
Cell surface exposure of the LPS determinants recognized by MAbs 4C4 and 5G8. An indirect AA RIA was used to determine whether the group 2 LPS determinants (as defined by reactivity with MAbs 4C4 and 5G8) expressed by the variants of N0100 and COL10 were exposed on the cell surface, as they are in group 2 clinical isolates of Hib (8, 9) . These data were of particular interest since the bacterial cell surface plays an important role in host-parasite interactions. Cell surface exposure of a given antigenic determinant was defined here by accessibility to antibody in the AA RIA method as described previously (18) .
The data in Table 3 show that the group 2 LPS determinants expressed by the N0100 and COL10 antigenic variants are exposed on the surface of these cells. It Virulence studies. Results of preliminary experiments revealed that the group 4 strains N0100 and COL10 are relatively avirulent in the infant rat model when compared with other isolates of Hib belonging to LPS antigenic groups 1, 2, and 3. The identification and isolation of isogenic LPS phenotypic variants of N0100 and COL10 provide a means of assessing whether changes in the cell surface-exposed antigenic determinants of Hib LPS would alter the virulence of the group 4 strains.
Infection via the intraperitoneal route with 102 CFU of strain N0100 (4C4-5G8-) produced a detectable bacteremia in only 3 of the 20 (15%) infant rats that were challenged (Table 4) . Similarly, only 1 of 18 (6%) animals developed bacteremia when infant rats were challenged with the same strain by the intranasal route. The primary variant (4C4+ 5G8-) of NO100 was also comparatively avirulent. In contrast, acquisition of the LPS determinant recognized by MAb 5G8 and the simultaneous dramatic alteration of the LPS profile of the 4C4+ 5G8' secondary variant ( Fig. 2A , (26) , we chose to test strain COL10 and its LPS phenotypic variants using only this route. The results obtained with the parental strain (4C4-5G8-) and the secondary variant (4C4+ 5G8+) were essentially identical to those obtained with N0100 and its secondary variant (4C4+ 5G8+) in that a significant enhancement in virulence was observed with the expression of both the 4C4 and 5G8 determinants. However, unlike the primary variant (4C4' 5G8-) of N0100, the corresponding primary variant of COL10 was fully virulent relative to the secondary variant (4C4+ 5G8+). It should also be noted, however, that this COL10 primary variant (4C4+ 5G8-) synthesized an LPS molecule which migrated significantly more slowly in SDS-PAGE than the LPS of the COL10 parent strain (4C4-5G8-) ( Fig. 2A, compare lane 4 with lane 5) . Capsular quantitation. It was important to consider virulence factors other than LPS in the characterization of these (27, 32, 41) , differences in the quantity of cell-associated capsular polysaccharide could account for the observed differences in virulence among these LPS variants. Therefore, the cell-associated capsular polysaccharide of these strains was quantitated by rocket immunoelectrophoresis, using burro anticapsular serum as the precipitating antibody ( 5G8+ blood isolate of strain N0100 was found to be fully virulent in the infant rat model system (data not shown). The 4C4+ 5G8+ LPS phenotype was also expressed by most Hib isolated from four bacteremic animals that had originally been challenged with the primary variant (4C4+ 5G8-) of NO100. Similarly, isolates from the blood of three of four bacteremic animals originally challenged with the parental COL10 strain (4C4-5G8-) possessed LPS reactive with MAb 4C4 (Table 6 ), which in Hib strain COL10 was associated with full virulence (Table 4) . SDS-PAGE analysis of the LPS synthesized by these blood isolates revealed that these molecules migrated more slowly (Fig. 5 , lanes 4 and 5 and lanes 9 and 10) than the LPS of their respective (4C4-5G8-) parent strains (Fig. 5, lanes 1 and 6) . It is of interest that the LPS profiles of the blood isolates of strain N0100 were not identical to that of the corresponding fully virulent variant (4C4+ 5G8+) generated in vitro (Fig. 5, lane 3) . These latter data indicate that the spontaneous alterations in LPS phenotype which result from the synthesis of the antigenic determinants recognized by MAbs 4C4 and 5G8 in strain N0100 and that recognized by MAb 4C4 in strain COL10 are associated with the increased ability of these organisms to survive and multiply in vivo. Serum bactericidal studies. The serum sensitivity of the group 4 Hib strains and their LPS antigenic variants was evaluated to determine whether the alterations in LPS phenotype and virulence could be associated with changes in susceptibility to the bactericidal activity of normal serum. Because virulence was assessed in infant rats, we felt that rats of the same age would be the most relevant source of serum for these studies. Table 7 contains data from an experiment in which the concentration-and time-dependent bactericidal activity of infant rat serum against Hib was investigated. Hib strain DL42, which is a standard group 2 LPS strain possessing full virulence, increased in number in every serum concentration during the 2-h incubation period. In contrast, the group 4 strain N0100 (4C4-5G8-) was rapidly killed in 30 min by as little as 20% serum. Bactericidal activity against NO100 was completely eliminated by heating the serum. The virulent secondary variant (4C4+ 5G8+) of strain NO100, however, was fully resistant to the bactericidal activity of serum and multiplied in the various serum mixtures.
Based on the data presented above, a concentration of 50% serum and a test period of 60 min was chosen to evaluate further the serum sensitivity of the LPS variants (Fig. 6 ). Greater than 90% of strain N0100 (4C4-5G8-) and its primary variant (4C4+ 5G8-) were killed during the 60-min incubation period; heat treatment of serum destroyed all of this bactericidal activity. The secondary variant (4C4+ 5G8+) of strain NO100 was again found to be serum resistant and capable of growing in serum. Unlike strain N0100, however, strain COL10 and its LPS variants displayed no differences in susceptibility to killing by serum. Hib strain COL10 and its LPS variants were serum resistant to a degree comparable to that exhibited by strain DL42, a fully virulent 1 2 3 4 5 6 7 8 9 10
FIG. 5 . LPS profiles of Hib strains cultured from the blood of infant rats challenged with strains N0100 and COL10. The LPS in proteinase K-treated whole cell digests was resolved by SDS-PAGE and visualized by silver staining. Lane Fig. 7 . These phenotypic variants occurred at a relatively high frequency (Table 2) and possessed LPS molecules which were physically and antigenically distinct from those of the parental strains. Phenotypic variation of Hib LPS was not associated with alterations in either capsular polysaccharide quantity (Table 5) or outer membrane protein profiles (Fig. 4) Spontaneous phenotypic variation of LPS occurred at a relatively high frequency in Hib strains N0100 and COL10. Among other gram-negative bacteria possessing rough LPS, phenotypic variation of LPS has been shown to occur in Neisseria gonorrhoeae (11) and Bordetella pertussis (31) . The frequency of variation reported for the gonococcus was 10-6, which is several orders of magnitude lower than those observed for Hib LPS in this study. Other bacterial cell surface structures which can exhibit varied antigenic characteristics at a high frequency among cells of a single culture include the flagella of Salmonella typhimurium (42), the pili of N. gonorrhoeae (23) , and the 0 side chains of Salmonella LPS (19) . The genetic mechanism underlying the phenotypic variation of Hib LPS remains to be determined, but it could possibly involve chromosomal rearrangements similar to those affecting the expression of the flagella of S. typhimurium and that of gonococcal pili.
The fact that strains N0100 and COL10 are the only group 4 strains identified among 200 Hib isolates tested in the past several years in this laboratory suggests that these strains may be unusual with regard to LPS determinants. In fact, all other systemic disease isolates examined to date exhibit reactivity with MAb 4C4 or MAb 12D9 (Table 1) and synthesize the higher-molecular-weight LPS. We have observed, however, a loss of reactivity with MAbs 4C4 and 5G8 in some clinical isolates of Hib after passage in vitro (data not shown). This observation suggests that LPS phenotypic variation may be a more generalized phenomenon among Hib strains. Moreover, these data also raise the possibility that the group 4 Hib strains N0100 and COL10 may represent artifacts of in vitro passage. Without selective pressure, these two strains may have stopped expressing the virulence-associated higher-molecular-weight LPS. This latter consideration points out the necessity for the characterization of LPS in fresh clinical isolates of Hib.
The association of changes in Hib LPS with alterations in the virulence of this pathogen was evidenced by significant differences in the relative virulence of the LPS phenotypic variants in an animal model system. The secondary antigenic variants of strains N0100 and COL10 that reacted with both MAbs 4C4 and 5G8 (4C4+ 5G8+) possessed a highermolecular-weight LPS and were fully virulent (Fig. 7) . In contrast, this association of LPS structure and virulence with MAb reactivity was less clear in the primary variants (4C4+ 5G8-). The primary variant (4C4+ 5G8-) of strain N0100 was relatively avirulent and possessed an LPS profile only slightly different from that of its 4C4-5G8-parental strain ( Fig. 2A) . The primary variant (4C4+ 5G8-) of strain COL10, however, produced bacteremia in the majority of animals challenged with this strain and had an LPS molecule which migrated markedly slower in SDS-PAGE than those of both its parental strain (4C4-5G8-) and the N0100 strain with the identical antigenic phenotype (4C4+ 5G8-) ( Fig.   2A ). These findings demonstrate that acquisition of the 4C4 antigenic determinant results from the synthesis of two different LPS molecules in strains N0100 and COL10. Furthermore, these data suggest that overall LPS core oligosaccharide structure (as determined by changes in the electrophoretic mobility of LPS molecules in SDS-PAGE) may be more important than specific antigenic determinants (as defined by MAb reactivity) in the expression of Hib virulence.
The specific mechanism by which Hib LPS can affect the expression of virulence by this organism remains unclear at this time. However, it must be noted that the majority of Hib cells recovered from the blood of animals challenged with N0100 or COL10 expressed the LPS antigenic phenotype (4C4+ 5G8+, N0100; 4C4+ 5G8-, COL10; Table 6 ) associated with the higher-molecular-weight LPS (Table 6 ). This finding strongly suggests that this form of Hib LPS confers an enhanced ability of these organisms to survive and multiply in vivo. It should be noted that blood isolates of the group 4 strains N0100 and COL10 possessed LPS patterns dissimilar to those of the in vitro-derived LPS variants of the same phenotype (Fig. 5) . This finding indicates that two strains derived from the same parent and which possess apparently identical antigenic phenotypes can possess LPS molecules which yield different SDS-PAGE profiles.
There are few reports in the literature that have dealt with virulence-related properties of LPS in gram-negative bacteria possessing rough LPS. Guymon et al. (11) and Morse and Apicella (24) have shown that LPS mutants of N. gonorrhoeae which lack sugars in the core oligosaccharide are no longer resistant to killing by serum. A similar relationship between LPS structure and serum sensitivity was observed for Hib strain N0100 (Fig. 7) . The relatively avirulent strain N0100 (4C4-5G8-) possessing low-molecular-weight LPS was found to be extremely susceptible to the bactericidal action of serum (Fig. 6) . Acquisition of the higher-molecularweight LPS in this strain was accompanied by resistance to serum killing and, more importantly, enhanced virulence ( Fig. 6 and Table 4 ). This finding suggests that the highermolecular-weight LPS increases virulence by rendering these bacterial cells resistant to serum killing. The fact that strain N0100 and both its primary and secondary LPS variants possessed essentially identical quantities of cellassociated capsular polysaccharide indicates that differences in capsular quantity are not responsible for the varying degrees of serum sensitivity and virulence of these strains (4, 36) .
This association between serum resistance and both LPS phenotypic variation and virulence of Hib, however, is not supported by results from experiments with strain COL10 (Fig. 7) . Alterations in LPS and expression of virulence were not associated with changes in the serum sensitivity of this strain; COL10 and its LPS variants were uniformly resistant to killing by serum (Fig. 6) . Thus, unlike strain N0100, the molecular weight of LPS in strain COL10 did not correlate with differences in susceptibility to killing by serum. Schneider et al. (33) have reported the same finding with isolates of gonococcus. The possibility exists that differences in the number of LPS molecules per cell between strains N0100 (4C4-5G8-) and COL10 (4C4-5G8-) may be responsible for the observed differences in the sensitivity of these strains to serum (7) . SDS-PAGE analysis of lysate prepared from equal numbers of cells of these two strains, however, indicated that these strains possess very similar amounts of LPS ( Fig. 2A, lanes 1 and 4) . In light of these data, it is unclear as to what role LPS plays in determining Hib resistance to killing by serum. However, these data do indicate that alterations of LPS in strain COL10 and its variants correlate directly with increased virulence and that these changes do not involve resistance to killing by serum. Furthermore, it is important to note that the relative lack of virulence of the fully serum-resistant strain COL10 (4C4-5G8-) implies that factors other than serum resistance are also critical in the expression of virulence by Hib. These data reinforce the multifactorial nature of the virulence of Hib.
Results of a recent study performed by Inzana and 
